Introduction
The extracellular hemoglobins of Annelida, Vestimentifera and Pogonophora together with the chlorocruorin, a variant extracellular hemoglobin restricted to four polychaete families, have been recognized to form an unique group according to their physicochemical properties (1) . These molecules are complexes of a large number of polypeptide components that assemble into hierarchical ordered quaternary structures.
The extracellular Hbs 1 and Chls of Annelida are formed by two kinds of polypeptide chains: the globins and the linkers (2) . Vestimentifera have two types of extracellular Hbs (2) that are indicated here as heavy hemoglobin (Hb H ) and light hemoglobin (Hb L ). Hb H is very similar in shape and Mw (~ 3000 kDa) to Hbs and Chls of Annelida, and is also composed of globin and linker chains. In contrast the Hb L has a Mw of ~ 400 kDa and contains globin chains only. Pogonophora contain a Hb very similar to the Hb L of Vestimentifera, therefore it is also indicated here as Hb L (2) .
In their pioneering work on the molecular evolution of extracellular Hbs, Gotoh and collaborators divided the globin polypeptides in two groups with a common origin (3) .
Successively Suzuki and Riggs demonstrated that linker chains share similarities with the low-density lipoprotein receptor and that they cannot be related to the globins due to the high divergence of their primary structures (4) . More recently Yuasa and co-workers have
Materials and methods

Sequence alignment
We aligned all the sequences of extracellular Hbs, Chls, Hb H s and Hb L s of Annelida, Pogonophora and Vestimentifera available in the literature, including the newly presented globin and linker sequences of S. spallanzanii (6) . Globin sequences were aligned manually according to the nonvertebrate globin template (7) whereas linker sequences were aligned using the ClustalW program (8) .
Pairwise comparisons
Pairwise comparisons were performed on the coding and 3'UTR portions of the S.
spallanzanii globin cDNAs and some selected globins of Annelida using the program ALIGN (http://www2.igh.cnrs.fr/bin/align-guess.cgi). Similar comparisons were carried out on the linker sequences using the ClustalW program (8) .
Phylogenetic analyses 2
Sequence alignments were used to build phylogenetic trees were using the maximum parsimony (9) and the neighbor-joining (NJ) methods (10) .
Cladistic analysis.
The cladistic analyses were done using the program PAUP version 3.1.1. (12) . Globin evolution was studied using a heuristic approach because the number of sequences involved excludes exhaustive approach (12) . All characters were equally weighted and those uninformative were excluded from the analysis. After a series of trials, we set the PAUP options as follows, because they performed more efficiently in finding the shortest trees. For the phylogenetic analysis of linker chains we applied an exhaustive approach because of the smaller size of the data set (12) . Uninformative characters were also excluded and the remaining characters were equally weighted. The PAUP setting was as follows. A) Optimization of the characters: ACCTRAN on; B) Exhaustive search options: B1) keep minimal trees only; B2) collapse zero-length branches on.
Tree indexes in the cladistic analyses
Two indexes are traditionally used to test the robustness of the most parsimonious tree obtained by cladistic analyses, the Consistency Index (C.I.) and the Retention Index (R.I.) (13, 14) . These indexes were calculated as implemented in PAUP (12) . Values of C.I. and R.I. > 0.5 indicate that convergent/parallel evolution does not affect strongly the phylogentic reconstruction and that the obtained topologies of trees are reliable. Molecular synapomorphies in the cladistic analysis were detected using the program MacClade version 3 that allows to track the evolution of each character (15) . 
Bootstrap test
The bootstrap resampling (17) was performed to test the robustness of the trees obtained by cladistic and neighbor-joining phylogenetic reconstructions. In both cases 500 replicates were run.
Results
Sequence alignments
Globin alignment
In Fig. 1 we present the results of a global alignment of the Sabella globin sequences with the globins of other Annelids, Vestimentiferans, Pogonophorans and the canonical globin fold (7) . Eight sequences, chosen according to the criteria described in the Materials and Methods were added as outgroups. Inspection of the alignment clearly indicates that the key residues Trp (A12), Phe (CD1), His (E7) and His (F8), consistent with the canonical globin fold, are absolutely conserved. Conversely the presence of Pro (C2), which usually determines the bend of the BC corner, is not universal to all the globins. In two Sabella globins (Glb1 and Glb2) the small residues Ala and Cys are found at position B6 and E8. In these sites the majority of annelid globins have a Gly residue, with the exception of globin I of Tylorrhynchus where a Phe is found at position B6. These substitutions in the Sabella globins would result in a closer crossing of the B and E helices. All the extracellular annelid globins shown in the alignment have in common the Cys residues at position NA2 and H11. These amino acids are important for the formation of the first supramolecular aggregate in the assembly of the whole Hb (18), which is confirmed by the fact that they are replaced in the intracellular globins of Glycera, Urechis and Scapharca by other residues. Four other residues, namely Arg (E10), Phe (E4), His (F3) and Gln (F7) are highly conserved in the extracellular globins, but the structural and functional significance of this conservation remains to be clarified.
Linker alignment
A similar alignment was carried out for the linker sequences of Sabella with the five other linkers available in the databases (Fig. 2) . The main feature that appear to be conserved is a by guest on July 15, 2017 http://www.jbc.org/ Downloaded from cysteine-rich segment [(Cys-X 6 ) 3 -Cys-X 5 -Cys-X 10 -Cys]) which is typical for all the linker chains sequenced so far and has been related to the LDL-receptor motif (4) . Considering the current global alignment (Fig. 2) , the cysteine-rich segment can be written more precisely as follows [(Cys-X 5 -6 ) 2 -Cys-X 6 -Cys-Asp-X 3 -Asp-Cys-X 4 -Asp-Glu-X 4 -Cys]).
Pairwise comparison
The analysis of the pairwise comparison of the globin cDNAs (Fig. 3) shows a higher percentage of identity in the ORF portion (57.59% mean value) than in the 3'UTR portion (47.82% mean value). This is consistent with a higher degree of variability of the globin 3'UTRs that are less subject to structural constrains. However, it should be noted that Lumbricus d1 globin and d2 are more similar in 3'-regions than in the coding portions.
The pairwise comparisons performed on the linker chains (Fig. 4) give the following main 
Phylogenetic analyses a) Globin phylogenetic analysis
We have applied both cladistic and distance-based methods to study the molecular Table 1 we list the clades that belong to the ingroup and are supported by one or more molecular synapomorphies. Several of them are also sustained by high bootstrap values.
b) Linker phylogenetic analysis
The cladistic analysis of linker sequences produced two equally parsimonious cladograms.
The SC tree is showed in Fig. 6 , where the NJ tree is also presented. Cladistic and distancebased analyses were performed only on the available sequences of linker chains because no convincing putative outgroups are known. In fact, with the exception of the cysteine rich segment that relate the linkers with the LDL receptor (4), no other significant similarity is know between linker chains and other proteins. Nevertheless, Tylorrhynchus L2 and Neanthes L1 were used to root the trees, because they are much more similar between them than to other linkers.
The SC and NJ trees show some discrepancies in their topology. The cladogram structure favors a strict relationship between Tylorrhynchus L1, Lamellibrachia LAV1 and Sabella L3.
This clade is also supported by a very high bootstrap. Conversely, the NJ tree supports the two groups Tylorrhynchus L1 + Lumbricus L1 and Sabella L1 + Sabella L3. The first is also However the identification of homologous chains, i.e. globins that are the products of orthologous genes, does not appear a trivial task. In both our analyses Tylorrhynchus IIA and Tylorrhynchus I are grouped together more closely than the respective "homologous" sequences. Therefore it seems problematic to name them Tylorrhynchus A2 and Tylorrhynchus A1 as previously suggested (22). In this light Lumbricus d1 and Lumbricus d2 can be defined either as two allelic forms of the same gene or as the products of a very recent gene duplication. The same reasoning can be applied to Sabella Glb1 and Sabella Glb2.
The subdivision into four homologous groups of globins could be an oversimplification of the real situation. In fact we have found a higher number of globin chains in the Chl, purified from single specimen of Sabella (6) . A study of the entire portion of the genome coding for these proteins should be the best way to understand these discrepancies.
The globins and linkers, forming the Chls, are tightly associated in the phylogenetic reconstructions with those included in the Hbs. This clearly identifies the Chl as a variant of Hb. On this assumption the name chlorocruorin must be considered only as a descriptive term.
The phylogenetic reconstruction presented in this paper reveals that the genes coding for the polypeptides that form Chls, Hbs, Hb H s and Hb L s appeared before the separation of Vestimentifera and Pogonophora phyla from Annelida (sensu stricto) (11 (Fig. 7, A Our analyses performed on linkers of Hb, Chl and Hb H show that the genes coding for these polypeptides were already present in the common ancestor of Annelida, Vestimentifera and Pogonophora. We therefore suggest an alternative scenario for the evolution of this group of respiratory pigments. Our most parsimonious hypothesis is based only on the following three assumptions (Fig. 7, B) : (A2) the common ancestor of Annelida, Vestimentifera and Pogonophora had in its genome the whole set of genes coding for globin and linker chains. As a consequence Hb, Chl and Hb H did not evolve independently; (B2) the common ancestor of Vestimentifera and Pogonophora evolved the Hb L from Hb H , starting from the set of genes coding for the latter; (C2) Pogonophora lost Hb H , during their evolution.
The data deduced from our phylogenetic analyses fit nicely in this new hypothesis that requires fewer ad hoc assumptions to explain the origin of this group of proteins. The new evolutionary model that we propose can be applied also to the Hbs of leeches, which were not by guest on July 15, 2017 http://www.jbc.org/ considered in our study because the available sequences are not sufficiently complete.
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